Nanoparticles with widely varying physical properties and origins (spherical versus irregular, synthetic versus biological, organic versus inorganic, flexible versus rigid, small versus large) have been previously noted to translocate across the cell plasma membrane. We have employed atomic force microscopy to determine if the physical disruption of lipid membranes, formation of holes and/or thinned regions, is a common mechanism of interaction between these nanoparticles and lipids. It was found that a wide variety of nanoparticles, including a cell penetrating pepide (MSI-78), a protein (TAT), polycationic polymers (PAMAM dendrimers, pentanol-core PAMAM dendrons, polyethyleneimine, and diethylaminoethyl-dextran), and two inorganic particles (Au-NH 2, SiO 2 -NH 2 ), can induce disruption, including the formation of holes, membrane thinning, and/or membrane erosion, in supported lipid bilayers.
Nanoparticles are currently employed or proposed for a variety of products including drug and gene delivery materials, 1,2 industrial applications such as catalysts, 3 and consumer products including paints 4 and lotions. 5 Although the technical benefits of using nanoparticles for each particular implementation are clear, the broader impacts of the release of such materials into the environment have yet to be understood. [6] [7] [8] One concern is the cytotoxicity of these materials. An interaction of particular interest is that between the cell plasma membrane and nanoparticles, as this is the basic structure of the cell that may be breached with concomitant cytotoxicity.
A great deal of empirical evidence suggests that nanoparticles are effective disruptors of cell plasma membranes. Ready access to this work is provided by a number of recently published papers demonstrating both in vitro, [9] [10] [11] [12] [13] as well as in vivo [13] [14] [15] [16] [17] [18] nanoparticle activity with membranes. Specifically, cell level data have demonstrated evidence for membrane permeability via enzyme leakage assays 7, 10, 12, 19 and dye diffusion studies. 12 Direct evidence that the nanoparticles disrupt lipid bilayers was provided by electron paramagnetic resonance. 20, 21 Studies on supported lipid bilayers (SLBs) have identified two general types of disruption: (1) nanoscale hole formation and (2) membrane thinning. These mechanisms have been explored using oriented circular dichroism, 22, 23 X-ray diffraction, 22 solidstate NMR, 24 molecular modeling, 10, 25, 26 and atomic force microscopy (AFM). 10, 12, [23] [24] [25] 27, 28 The AFM/SLB assay has proven to be a particularly powerful tool for studying this problem, because it provides images of the disruption events on the nanometer scale. An interesting example of the AFM/ SLB assay used MSI-78 as the nanoparticle and demonstrated that localized ∼1 nm diameter membrane thinning events occurred, as opposed to a continuous even thinning over the entire membrane. 23 In contrast, previous experiments implementing dye diffusion, enzyme leakage assays, or membrane curvature experiments were not able to provide such nanoscale mechanistic information.
We have previously shown that the degree of SLB disruption caused by polymer nanoparticles (e.g., hole formation, membrane thinning), correlates with the level of enzyme leakage, dye diffusion, cytotoxicity, and nanoparticle uptake measured in vitro (this AFM data is shown in Figures  3b-d and 4) . 10, 12, 27 In addition, the degree of membrane disruption parallels the degree of nonselective tissue uptake observed in vivo. 29 This correlation between the AFM/SLB assays and the in vitro and in vivo studies inspired us to examine the disruption between other nanoparticles that are well precedented to disrupt and/or translocate across cell membranes. We therefore chose the AFM/SLB assay to explore the behavior of a number of other important materials including a pentanol-core G3 PAMAM dendron, the cell penetrating peptide MSI-78, 30 the TAT sequence 31 employed by HIV virus, amine-coated gold nanoparticles, 19, 32 and amine-terminated silica. 33, 34 This set of particles, when combined with our previous studies on G3, G5, and G7 PAMAM dendrimers, 10 polyethyleneimine (PEI), and diethylaminoethyl-dextran (DEAE-DEX), 12 presents a wide range of physical properties (organic versus inorganic, small versus large, flexible versus rigid, spherical versus irregular) that may affect the degree of membrane disruption. This AFM/SLB assay is completed by first depositing a drop of 1 mg/mL lipid vesicle solution on a cleaved mica surface. Following an incubation time of approximately 20 min, excess lipid is removed by gently rinsing the newly formed SLB with water. After a stable image of the SLB using tapping or AC mode AFM is obtained, the nanoparticles are introduced and imaging continues until the SLB is once again stable (See Supporting Information for more experimental details).
Many biological nanomaterials found in nature are capable of traversing cell membranes. Examples include MSI-78 35 and TAT. 36 The ability to penetrate cell membranes is not only advantageous for the host and virus, respectively, but potentially also a useful tool for scientists seeking to utilize these natural transportation systems for cellular delivery. The interaction between MSI-78 and the SLB was found to be concentration-dependent. At lower concentrations (∼2 µg/ mL), nonuniform membrane thinning of SLBs is observed. 24 At higher MSI-78 concentrations (1.2 mg/mL), the erosion of pre-existing holes in the lipid bilayer is found ( Figure 1 ). TAT, a larger protein in comparison to MSI-78, induces the formation of holes in the bilayer ( Figure 2 ) at significantly lower concentrations than required for MSI-78. These SLB studies are consistent with cell level studies that have shown both of these biological proteins are internalized, 35, 36 and more indirectly, are capable of disrupting cell membranes. [9] [10] [11] [12] A variety of polymers have been used to mimic the ability of natural particles to breach cellular membranes. PAMAM dendrimers are highly charged spherical polymers that have been employed as transfection agents in drug delivery. 2, 12, 37, 38 Earlier studies by our group showed that the positively charged polymers interact with the supported lipid bilayer in a generation dependent fashion. 25, 27 That is, G3-NH 2 dendrimers (32e + ) accumulate around the edges of preexisting defects, while the more highly charged G5-NH 2 (128e + ) and G7-NH 2 (512e + ) primarily expand pre-existing defects and form new defects, respectively (Figure 3b-d) .
To consider a change in topology while keeping a constant chemical composition, we now present the results for pentanol-core G3-NH 2 dendrons (16e + ) (Figure 3a) . The number of positive charges listed represent the theoretical number of amine terminal groups on each dendrimer with all amine groups expected to be protonated under the conditions employed. 27, 39 Following addition to the SLB, G3-NH 2 dendrons were shown to both accumulate around the edges of pre-existing defects, as well as expand those defects. Two commonly utilized linear polycationic polymers, PEI and DEAE-DEX, have also previously been shown to induce the formation of nanoscale defects within the model membrane (Figure 4) . 12 In these cases, however, no polymer accumulation around SLB defects was witnessed.
Given the wide range of rigid nanoparticles currently in use, two inorganic nanoparticles, Au-NH 2 and silica-NH 2 , were selected for testing. Gold nanoparticles are perhaps the most well studied class of nanoparticles and like dendrimers have been utilized as transfection agents. 32 The versatility of gold nanoparticles both in their tunable size and functionality make them a convenient choice in examining the effect rigidity has on nanoparticle-membrane interactions. Experiments using 2 nm gold nanoparticles coated with an alkylamine substituent (total diameter: ∼5-6 nm) show that supported lipid bilayers were disrupted primarily by expanding pre-existing defects ( Figure 5 ). This is reminiscent of what was seen in the case of G5-NH 2 . Initially upon lipid erosion, the underlying mica surface is clean. However, after 6 min the Au-NH 2 nanoparticles, possibly aggregated with lipid, are observed to deposit on the negatively charged mica. PEI and PAMAM dendrimers have also been observed to bind to the mica surface. 10, 12 These Au-NH 2 -SLB interactions suggest that rigid-inorganic cores do not alter the gross nanoparticle-membrane interaction seen with the other classes of nanoparticles.
Although biology (in terms of proteins and receptors) and thus nanomedicine primarily focuses on the 1-15 nm scale, the 50 nm size of the silica-NH 2 particles remain pertinent given industrial uses of particles in this size range. The rigid inorganic core and amine-terminated surface of silica-NH 2 particles provide an example that is both significantly larger and does not contain a flexible, organic core or a flexible, organic surface. Despite these differences, the silica-NH 2 nanoparticles induced the formation of holes following addition to the supported lipid bilayer ( Figure 6 ). This is similar to what was seen in the G7-NH 2 case.
Taking a broad view of these interactions, we note that the nanoparticles we studied can be divided into three (c) G5-NH 2 (128 e + ) primarily expanded pre-existing defects, which eventually accumulate around the edges, and (d) G7-NH 2 (512 e + ) primarily induced the formation of new defects on lipid terraces. Panel a: G3-NH 2 dendron concentration used was ∼100 nM (G3-NH 2 dendron ) 0.04 ug/mL). Panels b-d: dendrimer concentrations used were ∼25 nM (G3-NH 2 ) 0.1 ug/mL; G5-NH 2 ) 0.7 ug/mL; G7-NH 2 ) 3 ug/mL). Scale bars are 500 nm. subcategories: (1) particles that aggregate around defects and on the lipid bilayer surface (PAMAM G3-NH 2 ) but are not effective at inducing defects, (2) particles that encounter the surface, do not directly induce defects, but instead diffuse to existing defects and expand them (Au-NH 2 , MSI-78, pentanol-core G3-NH 2 dendron, PAMAM G5-NH 2 ), and (3) particles that are capable of directly inducing defects in lipid bilayers (TAT, PAMAM G7-NH 2 , PEI, DEAE-DEX and silica-NH 2 ). On the basis of these studies, cationic nanoparticles with quite different sizes, shapes, and flexibility are all capable of disrupting SLBs.
When making qualitative comparisons between these particles, one must recall that the concentrations used for the imaging experiments differ. In all cases, the images are showing the concentration range where the particles disrupt the bilayer. Keeping this in mind, we note that cationic charge density does not serve as a good predictor of the interaction across nanoparticle classes. However, over the size ranges studied, the surface area of cationic nanoparticles does roughly correlate with the degree of nanoparticle-lipid disruption. Those particles that have greater surface areas (>∼60 nm 2 ) are generally more effective at inducing SLB disruption than those with smaller surface area (<∼60 nm 2 ). These smaller nanoparticles are more likely to aggregate on the surface around pre-existing defects.
The results presented within this paper are consistent with several studies previously performed by other groups. A thermodynamic model describing the mechanism of interaction between PAMAM dendrimers, and more generally nanoparticles, and lipid bilayers has recently been completed by Ginzburg and Balijepalli. 40 They demonstrated that charged nanoparticles with diameters comparable to that of a lipid bilayer show an increased tendency to induce defect formation within lipid bilayers. Our results, as well as those of Ginzburg and Balijepalli, are also consistent with the observations of Oberdorster et al. who demonstrated that ultrafine particles (diameter ∼20 nm) induce an increased inflammatory response over "fine particles" (diameter ∼250 nm) per unit mass. 41, 42 Here, Oberdorster et al. attributed the origin of this difference to the larger ratio of surface to mass inherently present in ultrafine particles over fine particles. 41 Note that in the work of Oberdorster et al. surface area was defined per mass of sample, whereas for the work presented in this paper surface area is defined per particle. This difference in the definition of particle characteristics results in Oberdorster et al. concluding that for a given mass of sample that the smaller particles will be more disruptive. In this paper, surface area is defined per particle, resulting in the conclusion that for a given number of nanoparticles, the larger particles (which have greater surface area) are more disruptive. Although surface area is a general parameter for predicting how cationic nanoparticles interact with SLBs, the trends presented here indicate that it is not the only important parameter. The nanoparticle-SLB interactions are likely also dependent on a number of other parameters including charge density, shape, flexibility, and amphipathic character.
These results presented in this paper demonstrate that disruption of lipid bilayers is a common property of cationic nanoparticles. Each cationic nanoparticle presented here, regardless of shape (spherical versus irregular), chemical composition (organic versus inorganic), deformability (flexible versus rigid), charge density, or size, disrupts supported lipid bilayers. Our previously published studies demonstrated that effectiveness of a particle in causing nanoscale disruption of supported lipid bilayers correlated well with the particle's ability to both induce cell membrane permeability and to internalize into the cell. 10, 12, 13 The data presented here indicates that the hypothesis that nanoscale hole formation may be a biologically relevant process should be extended to a variety of additional materials including MSI-78, TAT, and cationic gold and silica particles. The generality of the bilayer disruption is extremely important because many examples of natural and synthetic nanoparticles utilize amine terminations to achieve water solubility and other functions. Given the growing use of nanoparticles in consumer products, industrial applications, and in medicine, it is imperative that we understand observed and potential effects of nanoparticles on biological membranes and the basic science underpinning these interactions. 
